The meiofaunal community structure at 32 stations in Hornsund fjord (77°N) was investigated, and results were compared with data from another Spitsbergen fjord, Kongsfjorden (79°N). Steep environmental gradients of sedimentation, organic matter content, and salinity from the inner to the outer basin of the fjord are present due to intensive glacial discharges of meltwater and ice. As the natural environmental disturbances were described for macrofauna benthic communities before, we aimed to check whether the same pattern occurs among meiofauna. A total of 12 higher meiofaunal taxa were recorded, with nematodes predominating at all stations. Non-parametric multivariate analyses demonstrated clear diVerences in meiofaunal abundance and composition between stations in the glacial bay and in the outer part of the fjord. Meiofaunal abundance increased with increasing distance from the source of disturbance, which in our study is tidal glaciers. Therefore, the current study demonstrates that the spatial structure of meiofauna is aVected by the natural environmental disturbance, and analysis of meiofaunal assemblages can be used to assess the eVect of such disturbances.
Introduction
The ecological importance of meiofauna is well established, and this component of the benthic community has been studied in detail in many parts of the world. However, in contrast to tropical and temperate latitudes, studies of meiofaunal communities in Arctic regions have received less attention. Meiofauna are an important and extremely diverse component of benthic heterotrophic assemblages. They participate in energy transfer through the ecosystem and are an important link between primary producers and higher trophic levels in benthic systems (Giere 2009 ). In some cases, they may even exceed the macrofauna in biomass and make a signiWcantly greater contribution to the processing of carbon by benthic communities than the larger macrofauna (McLachlan and Brown 2006) . Due to their short life cycles (in most cases very much less than 1 year), high turnover rates, and the lack of planktonic stages, meiofauna are particularly sensitive to changes in environmental parameters and thus are useful in assessing environmental disturbances (Kennedy and Jacoby 1999) . Abundance and community composition of meiofauna are reXections of processes such as pelagic-benthic coupling, mineral sedimentation, and freshwater glacier input; the latter is one of the major natural environmental disturbances in polar habitats (e.g. Grebmeier and Barry 1991; Kotwicki et al. 2004; Wlodarska-Kowalczuk et al. 2005) . Physical disturbances on both spatial and temporal scales are highly variable, and benthic communities have to struggle with theirs structuring force.
Benthic diversity and biomass can signiWcantly change from outer to inner parts of Arctic fjords, as has been documented in studies of macrofaunal communities (Kendall and Aschan 1993; Holte et al. 1996; Wlodarska-Kowalczuk et al. 2005) . In this study, we examined the meiofaunal community along an environmental gradient in the Hornsund, which is an open glacial fjord located on the south-west coast of Spitsbergen. In this fjord, environmental gradients are present in the form of sediment disturbance, organic K. Grzelak (&) · L. Kotwicki Institute of Oceanology, Polish Academy of Sciences, ul. Powstancow Warszawy 55, content changes, and intensiWed sediment deposition at the frontal zone of glaciers. Hornsund fjord has been selected as one of the 'All Taxon Biodiversity Inventory' (ATBI) sites as being representative of typical Arctic marine ecosystems. Moreover, due to its location in the zone of increasing air temperature and enlarged extent of Atlanticderived waters (the major heat distributors) on the West Spitsbergen Shelf (Serreze et al. 2000; Walczowski and Piechura 2006; Walczowski and Piechura 2007) , Hornsund together with Kongsfjorden (located on the north-west coast of Spitsbergen and characterized as a warm fjord) was selected as sites for monitoring the eVects of climate change (Warwick et al. 2003) .
This study was conducted within the framework of an extensive survey focused on the Hornsund benthic ecosystem, which took place in the last decade, and it was designed to be comparative with a study conducted in Kongsfjorden (Kotwicki et al. 2004 ). Prior benthic investigations into Hornsund were focused mostly on the macrozoobenthos and neglected meiofaunal communities. Legezynska et al. (2000) studied benthic scavengers (necrophagic fauna) collected by baited traps, Ronowicz (2005) investigated macrofaunal distribution on gravel beaches, Ronowicz et al. (2008) This study addressed the following questions: Do meiofaunal densities change along the Hornsund fjord's axis? Are these changes connected with hydrology and topography of the fjord? What kinds of environmental factors aVect meiofaunal community structure throughout the fjord? Are meiofaunal densities in Hornsund fjord diVerent from those in Kongsfjorden, and what causes the similarities/diVerences between the two fjords?
Materials and methods

Study area
Hornsund fjord is the southernmost, open, glacial fjord located on the west coast of Spitsbergen (Fig. 1) . It is 30 km long and up to 15 km wide and has an average depth of 90 m. Its outer part is connected with the Greenland Sea, whereas the shallower inner basin, which is called Brepollen, is partially isolated from the remaining part of the fjord by the Treskelen Peninsula. The hydrology of Hornsund is shaped by the complex dynamics of diVerent water masses. The interplay between the warm Atlantic-derived waters, cold Arctic water masses transported by the East Spitsbergen Current, and the fjord's own inner Local Brackish Waters causes Hornsund to be colder than the northern fjords located on the west cost of Spitsbergen (Swerpel 1985; Weslawski et al. 1991; Saloranta and Haugan 2004) . Thirteen tidewater glaciers are present in Hornsund, and Wve of the most active ones are located in the inner basin (Fig. 1) . The hydrological conditions of Brepollen diVer from those of the outer part of Hornsund. Topographical isolation of the glacial bay, the presence of Wve glaciers, and the input of fresh water from glacier channels and rivers cause visible water column stratiWcation in Brepollen during the summer. The strong impact of glacier meltwater can result in high amounts of inorganic suspension Svendsen et al. 2002) , which limits primary production in the inner basin (Keck et al. 1999 ) and causes mass zooplankton mortalities (Weslawski and Legezynska 1998) . Large amounts of mineral particles reduce the thickness of the euphotic zone (Urbanski et al. 1980) 1997) . Currently, the volume of freshwater run-oV might be even higher due to rising temperatures and the continuous retreat of glaciers (Jania 1988; Palli et al. 2003) .
Sampling and laboratory analyses Samples were collected in July 2005 from the R/V Oceania (Polish Academy of Sciences) from a series of 32 stations located at proWles A-G, which ranged from the open sea to the innermost part of Hornsund fjord (Table 1 ; Fig. 1 ). All samples were taken using a box corer. For the analysis of meiofauna, one sample from each box core was collected. A plexiglass tube with an inner diameter of 3.6 cm was pushed into the sediment to a depth of 5 cm. After retrieval of the core sample, all material was Wxed with 4% formaldehyde-seawater solution. The LUDOX HS silica density gradient centrifugation technique (density 1.18 g/cm 3 ) was used to extract animals from the sediment (Burgess 2001) . After centrifugation, the supernatant was sieved through a 500-m and a 38-m sieve. Samples retained on the 38-m sieve were stained with Rose Bengal. Subsequently, metazoan meiofauna were classiWed to higher taxa level (phylum, class or order) under a stereo microscope. Meiofaunal abundance was calculated per 10 cm 2 . To determine the grain-size distribution of the sediment, samples were taken from the upper 5 cm of the box core in the vicinity of the meiofaunal core samples, dried and sieved through thirteen half phi intervals. The sediment retained on each sieve was weighed, and particle size 
Statistical analyses
Multivariate analyses available in the PRIMER package (Clarke and Gorley 2006) were performed on the meiofaunal abundance and sediment data. The meiofaunal data were double root transformed, which reduced the inXuence of the most numerous taxa and gave a more balanced view of the community structure. Before analysis, the environmental data were log transformed and normalized. Oneway ANOSIM was used to test for diVerences in meiobenthic composition and sediment characteristics (grain size, total and organic carbon content) between two a priori set groups of samples representing the diVerent basins in the fjord (proWles A-E vs. proWles F-G). The ANOSIM procedure was applied to Bray-Curtis similarities (for faunal samples) and Euclidean distance (for environmental samples). Additionally, for meiofaunal data, ordination of samples by non-metric multidimensional scaling was performed. The non-parametric Mann-Whitney U-test was used to test for diVerences in meiofaunal densities between inner and outer Hornsund basins, for general diVerences in meiofaunal densities between Hornsund and Kongsfjorden and for diVerences between basins (inner/outer). Meiofaunal density data for Kongsfjorden were from Kotwicki et al. (2004) . The analyses were performed using the software package Statistica (Statistica, version 6). A formal signiWcance test for meiofaunal diVerences between groups of samples collected in basins of diVerent fjords was performed using the ANOSIM test.
To interpret and summarize the major patterns of variation within the meiofauna data from the two fjords, we used principal component analysis (PCA) in the CANOCO for Windows v4.5 package (ter Braak and Smilauer 2002) . The results of a preliminary detrended correspondence analysis based on the length of the main gradient indicated that PCA was the most appropriate method to use in our case (ter Braak and Smilauer 2002) . In the resulting biplot, the length of the arrow indicates the importance of the variable (e.g. variables with short arrows do not vary much across the diagram), and the coordinates of the arrow head are correlated with the axes (e.g. the smaller the angle between the arrow head and the axis, the higher the correlation). The axes are uncorrelated.
Results
Fjordic subtidal sediments were composed of very Wnegrained deposits. Throughout the Hornsund fjord, the sediments were rather homogeneous, and almost all stations were dominated by mud; the exceptions were stations C4 and B1, where the content of sand was relatively high (9.38 and 50.84%, respectively). The stations characterized by the Wnest sediments were located in the inner part of the fjord in Samarinvagen and Brepollen bay (Table 1) . The ANOSIM test indicated that groups of samples representing diVerent fjord basins diVered signiWcantly in terms of sediment characteristics (R = 0.588, P = 0.001).
A total of 12 higher meiofaunal taxa and 2 larval stages were recorded in Hornsund fjord in this study. Between Wve and eleven taxa were found at each station (Table 2) . Only Nematoda occurred at all stations. However, Harpacticoida, Polychaeta, and Kinorhyncha were also common; they were present in over 80% of the analysed samples. Except for nematodes, the presence of the other taxa depended on the station's location. The outer basin was characterized by 100% occurrence of Harpacticoida, Polychaeta, and Copepoda nauplii, together with a high occurrence of Kinorhyncha and Ostracoda (over 80%). In the glacial bay, frequency of occurrence of all common taxa decreased. Most of the other taxa appeared only occasionally (e.g. Acari and Oligochaeta) or in very low numbers per station (e.g. Bivalvia and Cnidaria).
Meiofaunal abundances varied greatly between the fjord stations (Table 2; Fig. 2 ). The lowest total density was recorded at station G3 (176 ind/10 cm 2 ), whereas the highest was found at station C2 (3,199 ind/10 cm 2 ). A threefold lower value in mean abundance was observed in the inner basin (505 ind/10 cm 2 ) than in the outer basin (1,416 ind/ 10 cm 2 ). All stations in the fjord were dominated by nematodes, which together with the second most abundant taxon constituted up to 90% (or even more) of the total meiofaunal density. In the outer basin, harpacticoids followed nematodes in abundance, whereas in the inner part, polychaetes were the second most abundant meiofaunal organism. The density of nematodes ranged from 136 to 2,976 ind/ 10 cm 2 . Compared with the outer basin, considerably, lower nematode abundances were observed in the glacial bay (Fig. 3) . Harpacticoids were the second most important group in terms of meiofaunal abundance in the outer part of Hornsund. The highest densities (up to 164 ind/ 10 cm 2 ) were observed at the stations of proWle C, which was situated in the central part of the outer basin (Fig. 3) . Mean abundance of Harpacticoida in the outer basin was 86 ind/10 cm 2 . In the inner part of Hornsund, harpacticoid abundance was much lower, with a mean density of 14 ind/10 cm 2 . Kinorhyncha showed a similar distribution pattern (Fig. 3) : the lowest densities were observed in the inner part of the fjord (mean abundance: 2 ind/10 cm 2 ), whereas stations located in the outer part were characterized by higher densities (maximum value of 82 ind/10 cm 2 at station C2). Polychaetes were the second most abundant organism in the inner basin, where their densities reached 95 ind/10 cm 2 (station G5). In the outer basin, the maximum density of polychaetes was 119 ind/10 cm 2 at station E6 (Table 2 ; Fig. 3 ).
Total meiofaunal densities diVered signiWcantly between the inner and the outer Hornsund basins (Mann-Whitney U test, P < 0.001). The relatively high value of the R statistic (ANOSIM test: R = 0.616, P = 0.001) indicated that samples collected from diVerent basins were easily separable with regard to meiofaunal composition, as can be seen in the ordination plot. Two meiofaunal communities can be distinguished: Outer proWles A-E formed one assemblage, and inner proWles F-G formed the other (Fig. 4) . However, near-shore station G5 was classiWed into the Wrst group due to high nematode density.
Discussion
Meiofaunal assemblages in Hornsund
The meiofaunal assemblages from the outer areas of the Hornsund fjord diVered signiWcantly from those sampled from the inner bay. A clear discontinuity in the meiofauna community along the fjord axis was observed, and division into a glacial (inner) basin community and an outer basin community was unequivocal. Low meiofaunal densities characterized the glacial bay community, and almost all taxa analysed were less prevalent in this area compared with their relative abundance in the outer basin community. The highest meiofaunal densities were observed in the central part of the fjord. The meiofaunal distribution pattern observed in this study showed tendencies similar to those (Görlich et al. 1987; Holte et al. 1996; Wlodarska-Kowalczuk and Pearson 2004) . The foreWelds of the glaciers (inner fjord) always have low faunal abundance and biomass, independent of water depth. Depth-related changes in these parameters are less pronounced than are changes related to location within the fjord. The main factors responsible for such pattern seem to be sediment processes (e.g. sedimentation and sediment stability) (Görlich et al. 1987) .
In our study, the negative inXuence of tidal glaciers was reXected by the low density of nematodes and the lack of harpacticoids at stations in the vicinity of Storbreen and Hornbreen glaciers. Meiobenthic harpacticoids can be aVected greatly by natural disturbances, mostly because their occurrence is restricted to the upper sediment layers; they favour epibenthic life and larger grain size sediments, which makes them sensitive to reduced oxygen supply (Coull 1970; Giere 2009 ). Thus, ongoing sedimentation in the frontal zone of glaciers generates unfavourable conditions for harpacticoids (e.g. interstitial space becomes too small and clogged with silt). This may explain the much lower densities of harpacticoids in Brepollen bay compared to the outer basin. In contrast to harpacticoids, nematodes are clearly resistant to a number of physical disturbances; however, the response of the nematode community depends on the intensity, frequency, and type of disturbance (Schratzberger and Warwick 1998 and references therein) . A number of species can withstand suboxic, anoxic, or even sulphidic conditions, and some can migrate deep into the sediment or into the water column to survive unfavourable environmental conditions (Wetzel et al. 2002; Steyaert et al. 2007; Giere 2009 ). Meiobenthic polychaetes seem to be quite resilient to physical disturbance, as their abundance was relatively high in the inner basin. Fine sediments are used in tube building, and meiobenthic polychaetes have a number of adaptations for meiofaunal and interstitial life (e.g. no planktonic trochophora larva). In contrast to previous reports (Lee et al. 2001a; Kotwicki et al. 2004) , in our study, the disturbance eVect of glaciers was not reXected in the number of meiofaunal taxa found at the inner bay stations. The glacial bay contained stations with both the lowest and the highest number of taxa. The scale of the impact on and response of benthic organisms to disturbance by glaciers depend on the glacier activity, which directly inXuences a wide spectrum of processes, such as organic matter availability, concentration, and sedimentation rate of mineral suspensions, salinity variability, and iceberg scouring (Görlich et al. 1987; Kendall 1994; Lee et al. 2001a) . Meiofaunal response to these kinds of natural stresses has not been suYciently studied yet.
The concentration of suspended mineral solids in the glacier outXows reaches up to 250 mg/l in the frontal zone of Hornsbreen and Storbreen (unpub. data, IOPAS) , and the meltwater currents transport suspended solids several kilometres away from the glaciers. Because sediment Xux through the water column increases in the lower part of water column and also reaches the bottom, sedimented material directly inXuences bottom dwellers. The meiofaunal community in Brepollen bay is not the only component of the benthos that is aVected by glaciers. In studies conducted in 2002, macrofaunal organisms showed signiWcantly lower abundances at proWles F and G (inner basin), together with much lower diversity, in comparison with those at outer proWles (mean abundance: 370 ind/0.1 m 2 vs. 967 ind/0.1 m 2 ) (Maciejewska 2007) . Glacial assemblages were dominated by mobile surface detritus feeders and predators, which are adapted to withstand high degrees of disturbance. Sessile fauna characterized the outer basin, where environmental conditions are more stable.
Comparison of meiofauna between Hornsund and Kongsfjorden
Compared with Kongsfjord, Hornsund is regarded as the fjord with a more Arctic character (Weslawski et al. 2006; Walkusz 2006) . Observed diVerences in the physical environment inXuenced meiofaunal assemblages in both fjords. The most signiWcant distinction between the fjords concerned meiofaunal density. Compared with Hornsund, in Kongsfjorden, meiofaunal abundance was signiWcantly lower throughout the axis of the fjord (Mann-Whitney U test, P < 0.001, Fig. 5a ). Like in Hornsund, two meiofaunal communities were distinguishable (a glacial bay assemblage and an outer basin assemblage) (for details, see Kotwicki et al. 2004 ); however, respective basins are incomparable with each other according to total meiofaunal density (Fig. 5b) . PCA and the ANOSIM test conWrmed signiWcant diVerences in meiofaunal community between fjords (Table 3 ; Fig. 6 respectively) . The eigenvalues for PCA axes 1 and 2 were 0.73 and 0.12, respectively, thus capturing 85% of the total variance in the data. A clear division of four groups was present, each characterizing a particular fjord and basin (Fig. 6) . Nematodes greatly inXuenced observed groupings and were responsible for the largest part of the variance. Moreover, turbellarians strongly inXuenced the outer assemblage of Kongsfjorden, whereas polychaetes were more important in Hornsund assemblages.
The observed diVerences in meiofaunal densities between the fjords raise the following question: What is the reason for this dissimilarity? Many studies have indicated that meiofaunal densities are determined largely by the quantities and qualities of food available (e.g. organic content, bacterial density, and diatoms) in both the sediments and the water column (McLachlan 1977; Montagna et al. 1983; Lee et al. 2001b; Moreno et al. 2006) . Although the levels of particulate organic matter are not a direct measure of food availability, they may be used as an indicator for this parameter. Concentration of TOC in Hornsund sediments was higher than that in Kongsfjorden (mean concentration: 1.58% vs. 0.85%, respectively; Schettler and Szczucinski 2005 unp. data and Wlodarska-Kowalczuk and Pearson 2004) . In particular, the glacial bay of Kongsfjorden, where meiofaunal abundance was remarkably low (range: 1-114 ind/10 cm 2 ), was characterized by very low organic carbon values (up to 0.5%). This coincided with intensive outXow coming from Kongsbreen glacier, where concentrations of suspended mineral solids reached 400 mg/l (Zajaczkowski 2008) . Kongsbreen is described as the most active Spitsbergen glacier (Lefauconnier et al. 1994) . The highest deposition of mineral sediments occurs in the summer, when samples were collected. Because concentration of suspended mineral solids in the frontal zone of Kongsbreen is almost twice as high as that of Hornsbreen and Storbreen, it is highly likely that intense and accumulating deposition of Wne sediments containing very little organic matter reduced the meiofaunal population in the inner bay of Kongsfjorden.
The coupling between pelagic and benthic compartments of the marine ecosystem is clearly important for the functioning of both systems. It is commonly accepted that the downward Xux of material controls both the biomass and the production of the benthos (e.g. Graf 1989; Ambrose and Renaud 1995; Danovaro et al. 1999) . The amount of surface-produced organic carbon reaching the benthos depends Wrst on the intensity of primary production and second on the level of heterotrophic grazing of material as it descends through the water column. As revealed by Piwosz et al. (2009) , primary production rates are an order of magnitude higher in Hornsund than in Kongsfjorden. Even if some of these observed diVerences might have been due to diVerent blooming stages, more productive character of Hornsund should be underline. DiVerences in phytoplankton assemblages in both fjords and basins have been previously studied (Eilertsen et al. 1989; Wiktor and Wojciechowska 2005) and attributed to diVerences in water mass characteristics. DiVerent species composition and phytoplankton biomass directly inXuence primary production. In the comparably warmer waters of Kongsfjorden, oceanic species that are typical of Atlantic-derived water masses are found (Okolodkov et al. 2000; Hop et al. 2002; Piwosz et al. 2009 ). Moreover, a relatively high proportion of crypthophytes and nanoXagellates in the total phytoplankton biomass were observed in Kongsfjorden (Piwosz et al. 2009 ). Individuals from these groups are small, which results in a relatively lower biomass. Additionally, autotrophic Xagellates (crypthophytes and dinoXagellates) have relatively low primary production rates (Throndsen 1970). In Hornsund, diatoms contributed more to biomass, and the productive layer in Hornsund is thicker than that in Kongsfjorden (Piwosz et al. 2009 ). Because high concentrations of suspended matter in surface waters (which is true for Kongsfjorden) decrease the extension of the euphotic zone in the fjords (Zajaczkowski 2008) , diVerences in primary production and phytoplankton biomass between two fjords are highly reliable. Moreover, the Arctic character of Hornsund might favour the presence of cryopelagic species, which were most likely transported from Arctic waters via the East Spitsbergen Current. The higher amount of organic matter in Hornsund than in Kongsfjorden may coincide with bacterial activity, which decreases with decreasing temperatures (Weston and Joye 2005) . Microbes are likely an important factor in controlling the availability and quality of organic carbon that reaches the benthos. Bacteria in the sediments directly impact nutrient and carbon cycles, as they complete the Wnal decomposition step by breaking down organic carbon and making it available for other organisms (Fenchel and Jørgensen 1977; Falkowski et al. 2008; Robador et al. 2009 ). However, little information is available about the bacterial community in Spitsbergen fjords (Jankowska et al. 2005; Jiang et al. 2005; Zeng et al. 2009; Piquet et al. 2010) ; thus, the relationship between bacterial activity and organic matter in Hornsund requires further study.
Finally, the zooplankton community and depth of both fjords may have caused some of the observed diVerences in organic matter concentration and, indirectly, in meiofaunal assemblages. On the one hand, abundance of zooplankton in Hornsund is several times lower compared with that in Kongsfjorden (Piwosz et al. 2009; Giuchowska et al. in prep.) . On the other hand, Kongsfjorden is deeper: depths in the outer basin reach 428 m (average: 200-300 m), whereas the inner basin has a mean depth of 50-60 m. Maximum depth in Hornsund is 250 m, with an average of 90 m. Shorter sedimentation time and lower abundances of prospective phytoplankton consumers means that quality and quantity of organic carbon reaching the benthic ecosystem likely is higher in Hornsund than in Kongsfjorden.
Nevertheless, food availability is not the only limiting factor for meiofaunal taxa. Others factors that inXuence meiofaunal communities include predation, competition, feeding pressure of the macrobenthos, and hydrodynamics (Hulings and Gray 1976; Bell and Coull 1978) . However, because macrofaunal abundances were highly comparable between glacial bays in the investigated fjords and because even higher abundances were noted in the outer basin of Hornsund than in Kongsfjorden (Wlodarska-Kowalczuk 2001; Maciejewska 2007) , the inXuence of macrobenthic pressure can be neglected. Unfortunately, we were not able to use the same sampling gears in both fjords. Samples collected using diVerent samplers may lead to diVerent results (SomerWeld and Clarke 1997). However, meiofaunal communities (nematodes in particular) in cores collected by subsampling box core and van Veen grab (used in Kongsfjorden by Kotwicki et al.) do not diVer statistically (SomerWeld and Clarke 1997) . Thus, we treated materials collected from the two fjords as comparable, at least to some extent. For logistic reasons and because of the high cost of high Arctic studies, Fig. 6 Ordination diagram based on principal component analysis of log-transformed meiofaunal data at the sampling stations in Hornsund fjord and Kongsfjorden sampling opportunities and number of replicates that can be obtained are often seriously limited. Therefore, scientists have to deal with available data. In our study, possible diVerences resulting from diVerent sampling time and sampling gears should not invalidate the general Wndings.
Conclusions
In conclusion, comparable environmental parameters, such as the lack of sediment stability, permanent mineral sedimentation processes, and glacial input of freshwater, appear to be responsible for the similar spatial distribution and community structure of meiofaunal communities in the two Svalbard fjords, Hornsund and Kongsfjorden. However, these environmental factors did not explain the signiWcant diVerences in meiofaunal abundances between the two fjords. The relatively high meiobenthic densities in Hornsund relative to Kongsfjorden result from the relatively high primary productivity of the water column, higher zooplankton abundance, and low temperature near the bottom.
